INTRODUCTION
The management of acute stroke is increasingly relying on frequent measurements of blood pressure, particularly in hemorrhagic stroke and for thrombolytic candidates. 1, 2 New technologies are making continuous hemodynamic measurements feasible in the emergency department (ED), Henry Ford Hospital, Department of Emergency Medicine, Detroit, Michigan including measurements of blood pressure and cardiac ouput. 3, 4 This study explores the ED use of arterial waveform analysis for capturing continuous hemodynamic measurements in stroke.
Traditionally, blood pressure is measured using standard intermittent oscillometric devices, and monitoring
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Sen et al systemic hemodynamics and continuous blood pressure requires invasive technology. Non-invasive devices have been introduced that provide continuous monitoring using algorithms to estimate hemodynamic parameters from blood pressure waveform analysis. Our previous work indicates good correlation of the non-invasive blood pressure measurements using the Nexfin device (Edwards Lifesciences, Irvine, CA) with commonly used cuff measurements using the oscillometric technique. 4 Studies have indicated that cardiac output measured by the device closely correlates with pulmonary artery catheter measurements. 5, 6 This exploratory study assesses the utility of the Nexfin technology to capture blood pressure and systemic hemodynamics in acute stroke patients in the ED. Secondary objectives include assessing variability of beat-to-beat hemodynamic changes, and correlating continuous with standard blood pressure measurements.
Patients and Methods

Study Population
This was a secondary analysis of the subset of stroke patients enrolled in a previously published, observational study of hemodynamic monitoring in critically ill adults. 4 The original study prospectively enrolled adults (>18 years) who presented to a resuscitation room at an urban ED over a 4-month period in 2009 as a convenience sample, based on availability of a single trained research assistant. The hospital institutional review board approved the study, and informed consent was obtained prior to enrollment. In the event that patients were unable to give informed consent due to aphasia or mental status changes, consent was obtained from a legally authorized representative.
In this analysis, we included patients from the original study of 40 subjects if their hospital discharge diagnosis was acute stroke, based on confirmed ischemic or hemorrhagic stroke on neuroimaging with symptom onset occurring < 24 hours prior to ED presentation. Patients were excluded from analysis for the following: negative neuroimaging, transient ischemic attack, and presence of stroke mimic determined by treating neurology team.
The Nexfin monitoring is based on the concept of the pulsatile unloading of the finger arterial walls using an inflatable finger cuff with a built-in photoelectric plethysmograph.
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While continuously measuring blood pressure, the monitor calculates the cardiac output by the pulse-contour method. The continuous finger pressure is transformed to a brachial artery waveform and the pulsatile systolic area is determined for each heartbeat. Using the arterial impedance, the device calculates cardiac output and stroke volume and determines index values using the patient's sex, height and weight. A proprietary heart reference system attaches to the patient's gown at the level of the brachial artery to ensure that the blood pressure values are measured at the same phlebostatic level even if the patient moves his/her hand. Hence, Nexfin readings will automatically correct for any hydrostatic pressure difference and not be falsely elevated or lowered by upward or downward movements of the patient's hand.
For each patient, a sized finger cuff was placed on the second, third or fourth digit of an asymptomatic hand. Continuous beat-to-beat hemodynamic values from the Nexfin monitor were recorded, including: heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), cardiac output, and systemic vascular resistance. The Nexfin device streams data in real-time to a display monitor. For this study, the treating physicians and nurses were blinded to the data. Usual ED cardiac and intermittent blood pressure monitoring continued at hourly intervals based on nursing protocol, and patients were managed as clinically indicated. All patients were contacted after 30 days to determine unexpected, unscheduled ED or healthcare provider visits or death.
Statistical Analysis
We captured and reviewed trends in hemodynamic profiles over a 2-hour period. We analyzed raw data and used moving averages technique to de-noise the beatto-beat data to remove occasional, artifactual spikes in measurements. Descriptive statistical parameters of the mean and standard deviations of hemodynamic variables were assessed. We computed hemodynamic data over a 30-minute period along with standard deviations to represent variability. We calculated Pearson correlation coefficients to compare Nexfin blood pressure measurements to standard automated measurements and to compare Nexfin derived changes in SBP relative to changes in cardiac index and systemic vascular resistance. All statistical computation was done using SAS 9.2 (Cary, NC).
RESULTS
We initially monitored 7 patients with acute stroke using the Nexfin device, 5 with ischemic and 2 with hemorrhagic stroke. No patients received thrombolytics due to delayed presentation or hemorrhage, and there were no deaths or Sen et al Hemodynamic Monitoring in Acute Stroke unscheduled healthcare-related visits in the cohort within 30 days. The mean age of the cohort was 71 ± 17 years and all were African-American; 43% of the cohort was male and the presenting mean National Institute of Health Stroke Scale (NIHSS) was 6.9 ± 5.5 (see Table 1 ). We obtained 42,456 total hemodynamic data points for the 7 patients in the cohort. These data points consist of beatto-beat measurements of 120 minutes of SBP, DBP, cardiac output, stroke volume, and systemic vascular resistance. A graphical sample of continuous non-invasive monitoring of various hemodynamic parameters of 1 of the 7 patients is shown in Figure 1 , including de-noised parameters using the moving averages filter for this patient. After averaging data over 30-minute periods, the cohort's hemodynamic trends over 2-hours of monitoring are shown in Figure 2 . Full hemodynamic statistics for the cohort is listed in Table 2 
DISCUSSION
This analysis reveals the feasibility of non-invasive, continuous blood pressure and hemodynamic monitoring in acute stroke. Due to the invasive nature of prior methods for determining hemodynamic measurements, there is little data on hemodynamic changes in stroke and their relationship to outcomes. Nevertheless, identification of high-risk hemodynamic profiles in stroke could lead to better risk stratification and potential interventions to improve clinical outcomes. Our group is currently investigating the relationship (12) 98 (7) 96 (8) 72 (12) 76 (10) 78 (13) 79 (15) 72 (4) 73 (7) 81 (10) 83 (9) 70 (14) 70 (9) 70 (7) 100 (9) 94 (11) 88 (10) 87 (11) 83 (12) 81 (19) 83 (11) 72 (6) 66 (5) 111 (8) 109 (8) 114 (12) 109 (16) MAP, mean (SD) 0-30 minutes 30-60 60-90 90-120
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Continuous monitoring may be particularly of interest in hemorrhagic stroke, as recent literature indicates a role for more aggressive blood pressure lowering. 1 The continuous measurements by the Nexfin are displayed on a portable screen to the treating clinician equivalent to arterial line monitoring. Although we used minute-averaging techniques to smooth the data trends for data analysis, a clinician can readily use the real-time measurements to make management decisions in lieu of arterial-line or oscillometric measurements. Such monitoring may also be of interest in managing patients that are thrombolytic candidates. These patients have a short time to reach goal blood pressure (< 185/110 mmHg) prior to thrombolytic administration, and if they receive thrombolytics, guidelines recommend vigilant maintenance of SBP < 180 mmHg. Finally, the ability to detect variability in blood pressure may have prognostic significance in stroke. Fluctuations early in the course of ischemic stroke are associated with poor 90-day survival. 11 A study done within 72-hours of stroke onset, which obtained 10-minute continuous recordings, found that high arterial pressure variability was associated with a poor outcome, defined as death or dependency.
12 Our data SBP, systolic blood pressure; MAP, mean arterial pressure; DBP, diastolic blood pressure; HR, heart rate; CI, cardiac index; SVRI, systemic vascular resistance index Figure 1 . Single-subject 2-hour trend curve of hemodynamic data using moving averages as measured by Nexfin device. show similar variability of blood pressure in acute stroke in the initial hours of presentation, although this analysis is underpowered to assess outcomes. The wide standard deviation values for SBP, DBP and MAP point to this significant intra-and inter-individual variability (Table 2 and Figure 3 ).
LIMITATIONS
Limitations of our study include the small sample size, exploratory analysis, mixed stroke etiologies and convenience sampling methods. The sample size is too small to make any meaningful patient-centered conclusions. Additional methodological limitations were the inclusion of stroke patients with varying times of symptom onset within a 24-hour period and the fact that stroke anatomic location was not recorded. Finally, the Nexfin derived hemodynamic measurements have been validated against thermodilution techniques but are not the gold standard measurements.
CONCLUSION
This exploratory investigation reveals that continuous, non-invasive monitoring of blood pressure and cardiac hemodynamic variables is feasible in acute stroke. As noninvasive monitoring technology advances, there may be a role for improved monitoring, prognostication and interventions based on robust hemodynamic data in a previously data-poor area of critical illness. 
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